Background/Aims-Inclusion of liver grafts from cardiac death donors (CDD) would increase the availability of donor livers but is hampered by a higher risk of primary non-function. Here, we seek to determine mechanisms that contribute to primary non-function of liver grafts from CDD with the goal to develop strategies for improved function and outcome, focusing on c-Jun-Nterminal kinase (JNK) activation and mitochondrial depolarization, two known mediators of graft failure.
INTRODUCTION
Orthotopic liver transplantation remains the only definitive therapy for end-stage liver disease but its use is limited by a severe shortage of donor livers [1] . An urgent task is to seek more usable donor livers for transplantation. While most liver grafts are collected from brain-dead donors before cardiac death, retrieval of liver grafts from cardiac death donors (CDD) could significantly increase the availability of donor organs [2, 3] .
Unfortunately, liver CDD grafts exhibit a higher risk of primary non-function (PNF) [2] [3] [4] . The mechanisms of poorer clinical outcomes of CDD grafts remain unclear but are likely linked to the extended warm ischemia before explantation [2, 3] . We showed previously that a specific inducible nitric oxide synthase (iNOS) inhibitor 1400W increased the survival of CDD grafts in rats, suggesting that reactive nitrogen species (RNS) production by iNOS plays an important role in CDD graft failure [5] . However, other studies show protection by NO precursors and NO inhalation in injury after hepatic transplantation and warm ischemia/ reperfusion (I/R) [6] [7] [8] . Thus, the effects of RNS in liver I/R injury and transplantation are controversial, possibly due to different models and selectivity, toxicities, and regimens of NOS inhibitors used in various studies [6] . In this study we attempted to elucidate the role of iNOS in CDD graft injury using a more specific model, namely iNOS-deficient mice.
Preserving bioenergetic status and microcirculation is important for successful transplantation of CDD grafts [9] . Mitochondria provide >90% of the cellular ATP during aerobic liver metabolism. Therefore, recovery/maintenance of mitochondrial function is crucial for liver graft survival and proper function. Recently, growing evidence supports that the onset of the mitochondrial permeability transition (MPT) is a critical step in I/R injury [10, 11] . The MPT collapses mitochondrial membrane potential, leading to ATP depletion and oncotic cell death (necrosis). Moreover, the MPT causes mitochondrial swelling and release of pro-apoptotic factors, which trigger apoptosis [11] [12] [13] . Reactive oxygen and nitrogen species (ROS and RNS), c-Jun-N-terminal kinase (JNK) activation, p53 activation, TNFα, pyridine nucleotide oxidation, Bax translocation, Pi, and Ca 2+ are linked to mitochondrial dysfunction caused by I/R and other stressors [11] [12] [13] [14] [15] [16] . We showed that the MPT occurs in vivo after transplantation of liver grafts subjected to long cold storage [17] . Whether the MPT occurs in CDD grafts remains unclear. Therefore, in this study we further investigated 1) whether the MPT occurs in CDD grafts, 2) whether JNK activation leads to the MPT in CDD grafts, and 3) which subtype of JNK (JNK1 or JNK2) mediates mitochondrial depolarization in CDD grafts.
METHODS

Animals and chemicals
Sources for animals and reagents are listed in the Supplement Table S1 .
Liver transplantation
Livers were explanted from male wild-type (WT, C57BL/6J), iNOS −/− , JNK1 −/− and JNK2 −/− mice (all on a C57BL/6J background, 9-11 weeks) with and without 45 min of aortic clamping, stored in the University of Wisconsin solution at 0-1°C for 3 h and then implanted into male WT recipients. In some studies, 1400W, a specific iNOS inhibitor, was added to the storage solution (5 μM), and SP600125, a pan-JNK inhibitor, was added to the storage solution (20 μM) [5] and/or injected into recipients (10 mg/kg, ip) immediately after implantation [18] . Detailed procedures for aortic clamping, graft harvest and transplantation are described in the Supplement.
Measurement of serum alanine aminotransferase (ALT) and total bilirubin
Blood was collected from the inferior vena cava at 18 h after implantation. Serum ALT and total bilirubin were determined using analytical kits (see Supplement Table S1 ) according to manufacturer's protocols.
Histology and immunohistochemical staining
Livers were collected at 18 h after sham-operation or transplantation under pentobarbital anesthesia (80 mg/kg, i.p.) for histology [19] . Using hematoxylin and eosin (H&E)-stained slides, necrotic areas were quantified by computerized image analysis [19] . Apoptosis was revealed by TUNEL staining and quantified as described elsewhere [19] . 3-Nitrotyrosine adducts were detected by immunohistochemical staining [5] .
Isolation of cell fractions
Some livers were harvested 3 h after transplantation of CDD grafts and cell fractions were isolated as described in the "Supplement".
Immunoprecipitation and immunoblotting
Immunoblotting of proteins of interest and immunoprecipitation of Sab, a mitochondrial JNK interactive protein, in liver tissue extracts and cell fractions are described in the "Supplement" [19, 20] .
Intravital confocal microscopy
The MPT causes mitochondrial depolarization. Mitochondrial polarization status and cell death in livers of living recipients were detected using intravital confocal microscopy at 3 h after transplantation (see the "Supplement") using rhodamine 123 (Rh123), a cationic fluorophore that is taken up by polarized mitochondria, and propidium iodide (PI), which labels nuclei of non-viable cells, respectively [21, 22] .
Measurement of ATP
Liver tissue was snap-frozen in liquid nitrogen, and ATP in liver extracts was detected as described elsewhere [23] .
Statistical analysis
Groups were compared using the Kaplan-Meier test and ANOVA as appropriate. Data shown are means±S.E.M. Numbers of animals in each group are shown in figure legends. Differences were considered significant at p<0.05.
RESULTS
Increased RNS production by iNOS in CDD grafts
iNOS was undetectable in livers from sham-operated WT and iNOS −/− mice. At 3 h after transplantation, iNOS expression increased (~17 fold) in WT CDD grafts but was absent in iNOS −/− CDD grafts (Fig. 1A,D) . By contrast, eNOS was expressed equally in livers from sham-operated WT and iNOS −/− mice and WT and iNOS −/− CDD grafts (Fig. 1A) .
Multiple bands of 3-nitrotyrosine adducts, an indicator of peroxynitrite formation, were detected in livers from sham-operated WT and iNOS −/− mice. The 3-nitrotyrosine adducts increased markedly in WT CDD grafts but were not increased in iNOS −/− CDD grafts (Fig.  1A) .
iNOS-deficiency and inhibition mitigate injury and improve function and survival of CDD grafts
No pathological changes were observed in livers at 18 h in sham-operated WT (Fig. 1B) and iNOS −/− mice (not shown). Large areas of necrosis was observed in WT CDD grafts (~30%), which decreased to only ~3% in iNOS −/− CDD grafts (Fig. 1B,E) .
TUNEL-positive cells (red nuclear staining) were rare (0.3% and 0.1%, respectively) in livers from sham-operated WT and iNOS −/− mice (Fig. 1C,F) . Apoptosis increased to 3% in WT CDD grafts but was only 1% in iNOS −/− CDD grafts (Fig. 1C,F) . Thus, iNOSdeficiency prevented both necrosis and apoptosis in CDD grafts.
Serum ALT increased from ~35 U/L to ~17,500 U/L in recipients of WT CDD grafts, which was blunted ~71% by iNOS-deficiency (Fig. 1G) . Total bilirubin increased from 0.16 mg/dL to 2.9 mg/dL in recipients of WT CDD grafts, but was only 0.9 mg/dL in recipients of iNOS −/− CDD grafts (Fig. 1H) . Importantly, iNOS-deficiency increased survival of CDD grafts from 25% to 75% (Fig. 1I) . Similarly, iNOS inhibition with 1400W decreased necrosis, apoptosis and ALT release, blunted hyperbilirubinemia ( Fig. 1E-H) and improved survival to 75% (p<0.05 vs WT CDD grafts, not shown) after WT CDD transplantation.
iNOS-deficiency prevents JNK activation in CDD grafts
JNK activation mediates graft non-function after long cold storage [18] . We investigated whether iNOS-deficiency affects JNK activation in CDD grafts. Phospho-JNK1/2 (phosphop46 and phospho-p54 JNK) were barely detectable in livers from sham-operated WT and iNOS −/− mice (Fig. 1A) but both increased markedly (~17-20-fold) in WT CDD grafts 3 h after transplantation (Fig. 1A, Supplement Fig. S1A,B) . By contrast, phospho-p46 and phospho-p54 JNK did not increase in iNOS −/− CDD grafts (Fig. 1A, Fig. S1A,B) . Total JNK1/2 (p46-and p54-JNK) expression was similar in all groups (Fig. 1A) .
Apoptosis signal-regulating kinase (ASK)-1 is a mitogen-activated protein kinase kinase kinase (MAP3K) upstream in the JNK pathway. Phospho-ASK1 was barely detectable in livers from sham-operated WT and iNOS −/− mice but increased (~12-fold) in WT CDD grafts (Fig. 1A, Fig. S1B ). Increases in phospho-ASK1 were largely blunted by iNOSdeficiency (Fig. 1A) .
JNK inhibition improves function and survival of CDD grafts
Serum ALT and bilirubin were 37-fold and 20-fold higher, respectively, in the recipients of CDD grafts than in the recipients of non-CDD grafts ( Fig. 2A,B) . Treatment of recipients alone with SP600125, a pan-JNK inhibitor [18] , decreased ALT release and hyperbilirubinemia by 75% after transplantation of CDD grafts ( Fig. 2A,B) . SP600125 addition to the preservation solution alone also decreased ALT release by 52% and hyperbilirubinemia by 48% ( Fig. 2A,B) . Combination treatment with SP600125 (recipient injection plus addition to the preservation solution) did not produce better protection than recipient treatment alone ( Fig. 2A,B) . Therefore, histology was analyzed in slides from the SP600125 recipient treatment alone group. Necrotic areas, TUNEL-positive cells, and cleaved caspase-3 were higher in CDD grafts than in non-CDD grafts (Fig. 2D, Supplement  Fig. S2,3) . After recipient SP600125 treatment, necrosis, apoptosis and cleaved caspase-3 decreased by 75%, 63%, and 61% in CDD grafts, respectively (Figs. 2D,E and Supplement Fig. S2,3) .
Survival decreased from 100% to 20% after transplantation of CDD grafts (Fig. 2F) . Mortality occurred mainly in the first 3 days. SP600125 treatment of recipients increased survival to 83% (Fig. 2F) .
Phospho-p46 and phospho-p54 JNK and phospho-ASK1 increased to a greater extent in CDD grafts than in non-CDD grafts at 3 h after transplantation. Phospho-ASK1 remained elevated at 18 h but phospho-p46 and phospho-p54 JNK decreased (Fig. 2C) . SP600125 did not alter phospho-ASK1 but markedly inhibited activation of both p46-and p54-JNK in CDD grafts (Fig. 2C) .
Deficiency of JNK2, but not JNK1, improves the outcome of transplantation of CDD grafts
The relative importance of two JNK isoforms in CDD graft injury was investigated using JNK1 −/− and JNK2 −/− mice. JNK1-and JNK2-deficiency was confirmed in corresponding knockout mice by immunoblotting (not shown). No abnormal histology was observed in the livers of sham-operated JNK1 −/− and JNK2 −/− mice (Supplement Fig. S2 ). Necrotic areas, TUNEL-positive cells, ALT release and hyperbilirubinemia were all similar after transplantation of WT and JNK1 −/− CDD grafts (Fig. 3, Supplement Fig. S2) . By contrast, necrotic areas, TUNEL-positive cells, serum ALT and bilirubin levels were all decreased by 70-75% in the recipients of JNK2 −/− CDD grafts compared to recipients of WT CDD grafts (Fig. 3) . Survival was 0% in recipients of JNK1 CDD grafts (not statistically different from WT CDD grafts) but increased to 87.5% in recipients of JNK2 CDD grafts (p<0.05 vs WT CDD grafts, not shown). Thus, JNK2-deficiency, but not JNK1deficiency, attenuated CDD graft injury.
JNK inhibition and deficiency did not alter 3-nitrotyrosine formation in CDD grafts
3-Nitrotyrosine adducts increased in parenchymal and non-parenchymal cells in WT but not in iNOS −/− CDD grafts. 3-Nitrotyrosine adducts in CDD grafts were not decreased by SP600125 or JNK1/2-deficiency (Supplement, Fig. S4 ).
Blockade of mitochondrial depolarization and ATP depletion in CDD grafts by JNK inhibition, iNOS-deficiency and JNK2-deficiency
Whether the MPT occurs in CDD grafts remains unknown. Therefore, we examined mitochondrial depolarization, a consequence of the MPT, after transplantation. In livers of sham-operated WT mice, Rh123 green fluorescence was punctate in virtually all hepatocytes, signifying normal mitochondrial polarization (Fig. 4A) . Mitochondrial polarization in livers of sham-operated iNOS −/− , JNK1 −/− and JNK2 −/− mice was similar to WT mice (not shown), whereas more diffuse and dimmer Rh123 fluorescence in hepatocytes after transplantation indicated mitochondrial depolarization (Fig. 4) . Such mitochondrial depolarization occurred in ~7% hepatocytes in WT non-CDD grafts, which increased to 68% in WT CDD grafts (Fig. 4A,B) . At this early stage, non-viable cells identified by red nuclear PI staining were rare, documenting that mitochondrial depolarization preceded cell death. SP600125 injection decreased mitochondrial depolarization from 68% to 23% of hepatocytes in WT CDD grafts (Fig. 4A,B) . iNOS-and JNK2-deficiency also decreased mitochondrial depolarization to 13% and 19%, respectively, whereas mitochondrial depolarization in JNK1 −/− CDD grafts was not different than in WT CDD grafts (Fig.  4A,B) .
ATP in liver tissue decreased ~15% in WT non-CDD grafts and ~74% in WT CDD grafts. SP600125 and deficiency of iNOS and JNK2, but not JNK1, blunted ATP depletion in CDD grafts (Fig. 4C) .
JNK binding to Sab in CDD grafts: blockade by iNOS-and JNK2-deficiency
interactions increase in CDD grafts. Sab was expressed at mitochondria but was not detectable in the cytosol in both sham-operated livers and CDD grafts (Fig. 4D ). JNK1 and 2 (p46-and p54-JNK) were expressed in the cytosol at high levels but barely detectable in mitochondria of sham-operated livers. Phospho-p46 and phospho-p54 JNK was barely detectable in the cytosol of sham-operated livers but markedly increased in the cytosol of CDD grafts (Fig. 4D) . Both phospho-p46 and phosphop54 JNK translocated to mitochondria in CDD grafts (Fig. 4D) . However, immunoblotting of phospho-p46 and phospho-p54 JNK after immunoprecipitation of Sab in mitochondrial fractions showed that only phospho-JNK p54 interacts with Sab (Fig. 4E) . These results demonstrate that phospho-p54 JNK interaction with Sab occurs in mitochondria. Similarly, phospho-p46 and phospho-p54 JNK co-immunoprecipitation with Sab in whole liver tissue extracts was undetectable in livers from WT sham-operated mice (Fig. 4F,G) . In WT CDD grafts, phosphop46 JNK coimmunoprecipitation with Sab in whole liver extracts was again barely detectable, but phospho-p54 JNK co-immunoprecipitation with Sab increased markedly (46-fold, Fig.  4F,G) . This increase in phospho-p54 JNK/Sab interaction was not observed in CDD grafts from iNOS −/− and JNK2 −/− mice (Fig. 4F,G) , indicating that iNOS-JNK2-Sab pathway plays an important role in mitochondrial dysfunction after CDD liver transplantation.
DISCUSSION
Mitochondrial depolarization occurs in CDD grafts
Higher risk of PNF is a major barrier for use of CDD grafts [2] [3] [4] . Kupffer cell activation, parenchymal cell killing, ROS and toxic cytokine production, and increased endothelin may be involved in CDD graft failure [4, 9, [28] [29] [30] [31] . Maintaining energy status and microcirculation is crucial for successful transplantation of CDD grafts [9, 32] . The MPT is a key player in compromising energy status [10, 11, 33] and occurs after I/R in cultured hepatocytes, in vivo hepatic warm I/R and extended cold storage/transplantation [12, 17, 21, 22] . In this study, we showed that mitochondrial depolarization increased markedly in CDD compared to non-CDD grafts (Fig. 4) . This mitochondrial depolarization caused ATP depletetion, which preceeded cell death and was associated with more severe subsequent injury, poorer graft function and higher mortality in CDD grafts (Fig. 1) . Therefore, the MPT most likely also contributes to CDD graft injury and PNF.
iNOS upregulation and JNK2 activation contribute to MPT onset in CDD grafts
Many factors promote the MPT (see Introduction) [15, 16, 26, 34, 35] . The role of RNS in MPT is controversial [8, 36, 37] . In this study we showed that iNOS was upregulated markedly in CDD grafts and that iNOS-deficiency blunted mitochondrial depolarization, ATP depletion, and injury in CDD grafts (Figs. 1,4) . These findings provide strong evidence that iNOS-upregulation contributes to mitochondrial depolarization and injury of CDD grafts.
A variety of pathophysiological stresses activate JNK, including RNS [25] . Peroxynitrite causes protein nitration, leading to activation of tyrosine kinases and Rac and increased JNK activity [38] . However, JNK activation also upregulates iNOS in some cells [39] . In this study, iNOS-deficiency markedly decreased JNK activation in CDD grafts (Fig. 1) , whereas JNK1/2 deficiency and inhibition did not significantly alter RNS production in CDD grafts (Supplement, Fig. S4 ), suggesting that increased RNS production in CDD grafts led to JNK activation. Previous work also shows that iNOS inhibition improves function of fatty liver grafts and attenuates hepatic I/R injury [6, 37, 40, 41] .
The liver expresses two isoforms of JNK -JNK1 and JNK2, whereas JNK3 is mainly expressed in brain, heart, and testis. Isoform specific effects of JNKs vary in different stresses and diseases [25] . For example, JNK1 −/− mice are protected from obesity and methionine-and choline-deficiency-induced steatohepatitis [42, 43] , whereas JNK2 contributes to atherosclerosis, tumor growth and TNFα-induced liver injury [44, 45] . In some conditions, such as arthritis, cardiac I/R injury, and concanavalin-A-induced liver injury, both JNK1 and JNK2 activation plays important role [44] . The isoform-specific effects of JNK are possibly related to their different binding partners, tissue and subcellular localization, and isoform-selective action on different substrates.
In this study, both JNK1 and 2 were activated in CDD grafts, and JNK inhibition blocked mitochondrial depolarization and graft injury, consistent with the conclusion that JNK activation is an important mediator of mitochondrial dysfunction in CDD grafts (Figs. 2,4) . Furthermore, JNK2-, but not JNK1-deficiency, prevented mitochondrial depolarization, ATP depletion, and graft injury in CDD grafts (Figs. 3,4) , consistent with our and others' studies showing that JNK2-deficiency protects against liver injury after in vivo warm I/R and cold storage/transplantation injury [14, 15, 46] .
JNK2 and the MPT
While it is not clear how JNK2 regulates the MPT, JNK has numerous substrates that are located in mitochondria or translocate to mitochondria after exposure to stresses (e.g., Sab, Bcl-xL, Mcl-1, Bax, Bid, and Bim) [25] . For example, activated JNK translocates to mitochondria and binds to the scaffold protein Sab, causing sustained mitochondrial ROS generation [24-27, 47, 48] . ROS can oxidize cyclophilin D, a component of the MPT pore, and lead to the pore opening [49] . In this study, only phospho-p54 JNK was associated with increased binding to Sab in CDD grafts, and phospho-p54 JNK/Sab binding was basically absent in JNK2 −/− CDD grafts (Fig. 4) , suggesting phospho-JNK2 binds primarily to mitochondrial Sab. We cannot rule out the possibility that phospho-p46 JNK with a lower molecular weight might bind less tightly than higher molecular weight phospho-p54 JNK and therefore be washed away during immunoprecipitation. However, the difference in molecular weights of p46 and p54 JNK is relatively small. In cardiocytes exposed to H 2 O 2 , mainly phospho-JNK2 binds to mitochondrial Sab, whereas after acetaminophen treatment both JNK1 and 2 translocate to mitochondria [47] . Thus, our data are consistent with the cardiocyte data and demonstrate that active JNK2 binding to Sab is a key step in JNK2-induced MPT. The mechanisms of this isoform-selective interaction of JNK with Sab in CDD grafts remain unclear. Both phospho-p46 and phospho-p54 JNK translocated to mitochondria in CDD grafts (Fig. 4D) . It is possible that phospho-JNK1 and 2 have different binding partners in mitochondria or that different co-binding partners are required for their Sab binding. Another possibility is that Sab binding to phospo-JNK1 and -2 requires different post-transcriptional modifications to Sab. These possibilities will be explored in the future.
iNOS is up-regulated in macrophages during inflammation. JNK activation plays an important role in cell death; however, it is also involved in inflammatory responses. JNK activation in macrophages could lead to M1-like macrophage polarization, thus increasing proinflammatory cytokine production [39] . Therefore, in addition to promotion of mitochondrial dysfunction and cell death, iNOS upregulation and JNK activation may also increase I/R injury by enhancing inflammation.
Together, our data indicate that mitochondrial dysfunction occurs after transplantation of CDD grafts, resulting in graft failure. This mitochondrial dysfunction is due to iNOS upregulation and JNK activation. JNK2 but not JNK1 mediates mitochondrial depolarization in CDD grafts. Therefore, although pan-JNK inhibition can decrease CDD graft injury, selective JNK2 inhibitors may provide more potent protection and avoid other potential side effects. 
